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Abstract

Diagrammatic depictions of evolutionary relationships play an increasingly important role in scientific and educa-
tional literature. Reading evolutionary trees is seen as a major challenge for biologists in learning about evolution
and its applications in research. The skills needed to read, interpret, and construct evolutionary trees are subsumed
under the term “tree-thinking," which can be divided into “tree-reading” and “tree-building. The purpose of this paper
is two-fold. First, we review relevant literature on tree-reading skills to examine regularly reported skills for an up-to-
date overview of the topic and to determine where further investigation might be needed. Second, we compare and
contrast published skills and skill systems to highlight commonalities and differences using a published hierarchical
system as a framework and integrating the skills identified by other authors by arranging them with their correspond-
ing skills within the framework. The resulting insights suggest a possible synthetic tree-reading model. By bringing
together the relevant literature about tree-reading skills, we show that research on tree-thinking skills has until now
been conducted mainly following theoretical or observational approaches, often lacking cross-references linking
different works; this has resulted in multiple approaches. Furthermore, as most published systems have not been
empirically tested, it seems useful to collect existing findings for empirical testing to create a synthetic tree-reading
skill model that can be used by educators to structure and organize their learning environments. Teaching the sub-
domains of tree-reading in order of difficulty can facilitate the entire learning process. Furthermore, the skill model
can be used to design testing instruments for education and research that incorporate the full range of tree-reading
subdomains and thus, may be better suited to distinguish more advanced learners from less advanced ones.
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Introduction: why are evolutionary trees
important?
Graphical representations play a major role in modern
learning environments. Various types of graphs, dia-
grams, charts, and schemata can be found in all areas of
scientific research and various forms of learning mate-
rials (Lee 2010; Purchase 2014; Shah et al. 2005). This
applies in particular to biology, where students are reg-
ularly confronted with a large variety of different rep-
resentational styles in its many subdomains (Roth and
Pozzer-Ardenghi 2013; Wiley et al. 2017).

Teaching biological fields like microbiology, genet-
ics, and evolution involves teaching abstract processes
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that may not be observed by students. Furthermore, the
concept of evolution is not intuitive (Gregory 2009).
Evolution is the conjunctive core principle of biol-
ogy (Dobzhansky 1973; Futuyma 2013) and in order to
develop a deeper understanding of any biological dis-
cipline, one needs to grasp the concepts of evolution
(Meisel 2010). Its understanding requires knowledge
of various different and seemingly unrelated topics like
genetics, ecology, and morphology (Horwitz 2013), and
opportunities for practical work are rare (Besterman and
La Baggott 2007). This leads to evolution being seen as
one of the most challenging topics to teach in introduc-
tory science courses (Beardsley et al. 2012; Besterman
and La Baggott 2007). The difficulty in teaching evolution
is compounded by numerous and very persistent miscon-
ceptions prevalent among learners of all ages and educa-
tion levels (Gregory 2009; Chinsamy and Plaganyi 2008;
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Hokayem and BouJaoude 2008; Mead and Scott 2010a, b;
Yates and Marek 2014, 2015).

Evolutionary trees as a representation of evolution
Evolutionary diagrams are diagrammatic depictions of
different species or groups and their relatedness. They
can exist in different forms (e.g., the ladder of life or the
Great Chain of Being), although treelike depictions are
the most common (Catley and Novick 2008). Crucial for
evolutionary diagrams is that they present the evolution-
ary development of species and groups rather than the
development or relatedness of individual organisms. In
this paper, we will treat terms like “evolutionary tree,
“phylogenetic tree,” and “phylogeny” as interchangeable,
although some experts in the field might use them with
different connotations.

Evolutionary trees are a very common way to visual-
ize patterns of macroevolutionary processes and there-
fore play a central role in teaching evolution (Baum et al.
2005; Nehm and Kampourakis 2014). They serve as a
tool to depict multiple relationships in one diagram, thus
presenting processes and developments that are hard
to describe in a simple way (Halverson and Friedrich-
sen 2013). In order to understand how evolution works,
one has to understand how cladogenesis works, which is
facilitated by knowing how speciation processes are rep-
resented in diagrams (Catley et al. 2012; Meisel 2010).
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Evolutionary trees can be used to visualize how cer-
tain traits of a living organism evolved in relation to
other traits and organisms (see Fig. 1). In the absence of
other data (like a rich fossil-record), the most parsimo-
nious explanation is typically used to make claims about
the course of the development of certain traits. Follow-
ing this approach, the most plausible pattern of rela-
tionships is the one that requires the lowest number of
evolutionary changes (Baum and Offner 2008). Many
evolutionary trees show the changes in the characteris-
tics along with the development of groups by labeling the
tree with newly developed traits (Baum and Smith 2013).
These labeled traits are often subsumed under the term
apomorphies, although phylogeneticists further distin-
guish them with expressions like plesiomorphic, autapo-
morphic, or homoplasic. By analyzing the occurrence of
different traits across different groups, one can infer the
pattern of the relationship of these groups.

Besides visualizing and confirming the course of evolu-
tion, evolutionary trees can be used in a variety of con-
texts, such as conservation biology (illegal whale hunting)
(Baker and Palumbi 1994), forensics (the ways in which
HIV is transmitted) (Ou et al. 1992), agriculture (the
effects of pesticides) (Engelen et al. 1998), medicine (the
development of the hantavirus) (Yates et al. 2002), drug
development (predictive evolution) (Bush et al. 1999), or
drug design (Searls 2003). As phylogenies and biological
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Fig. 1 Properties of an evolutionary tree. An evolutionary tree consists of three basic components: internal nodes, lines, and terminal nodes. Lines
are representations of lineages. Points where a lineage bifurcates are marked by internal nodes, representing the most recent common ancestor
of all descending groups. Terminal nodes appear at the end of lineages and most regularly represent extant species or groups. Along the lines,
apomorphies (evolutionary newly developed traits) can be displayed to emphasize and explain the bifurcation event. A nested hierarchy of clades
(a common ancestor and all its descendants) is created by the bifurcations at internal nodes
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classification are an important part of biology, they are
part of the school curricula of such countries as the USA,
the UK, Australia, and New Zealand (Catley et al. 2013).

Tree-thinking

When working with evolutionary trees, one has to ana-
lyze, interpret, and reason with the information given in
the representation. This practice is called tree-thinking
(O’Hara 1997). Some authors describe tree-thinking as
a mere set of skills needed to extract relationship infor-
mation from an evolutionary tree (O’'Hara 1997), while
others describe it as a “habit of mind that uses the history
of life on earth as its first line of evidence while provid-
ing students with a hierarchical view of the natural world”
(Catley and Novick 2008) or as “the ability to visualize
evolution in tree form and to use tree diagrams to commu-
nicate and analyze evolutionary phenomena” (Baum and
Smith 2013). There is no unifying definition of the term
tree-thinking, but the various definitions and descrip-
tions tend to resemble each other closely (Blacquiere and
Hoese 2016; Catley et al. 2012; Gibson and Hoefnagels
2015; Halverson et al. 2011). The common idea across
the different definitions is that tree-thinking is needed
in order to be able to extract information about relation-
ships from an evolutionary tree, to make conclusions and
inferences about the displayed course of evolution, and to
construct evolutionary trees from the given data. Tree-
thinking is seen as a prerequisite to studying and under-
standing macroevolution (Catley et al. 2012).

As the definitions cited above indicate, tree-thinking
is not restricted to the mere acts of reading and build-
ing evolutionary trees, but also to using tree-diagrams as
a tool for communication and new insights. In science,
different trees and branching patterns are contrasted
with each other to investigate hypotheses. These acts
of analyzing phylogenies might be counterintuitive to

Table 1 Overview of works on tree-reading skills
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novices in biology, as they often base their interpretation
of evolutionary relationship only on single characters
(e.g., a specific morphological trait, or a certain behavior)
instead of considering all given information, especially
the branching pattern (Gregory 2008; Halverson et al.
2011). Relying on a single trait or a small number of char-
acteristics is not seen as suitable to get a reliable estimate
on the relative relationship of species (Gendron 2000).
Different studies have shown that students struggle with
understanding evolutionary trees and display a great
variety of widespread learners’ misconceptions (Baum
et al. 2005; Gregory 2008; Kummer et al. 2016; Meir et al.
2007; Omland et al. 2008; Thanukos 2009).

According to Halverson (2011), tree-thinking can be
separated into two parts: tree-reading and tree-building.
The former encompasses all activities of interpreting,
analyzing, and reasoning with a given tree. The latter
incorporates all tasks that lead to the construction of a
new tree, ranging from the general concept of how to
construct a tree from given data to the broad field of phy-
logenetic inference. Halverson (2011) was able to show
that tree-reading serves as a prerequisite to tree-building.
As most of the theoretical work on tree-thinking focuses
on tree-reading, this paper concentrates on this aspect as
well.

Tree-thinking skills

Although several authors have worked on general tree-
thinking in recent years (see Table 1), only little research
has dealt with the skills constituting tree-thinking. In
this section, we review published skills and skill systems
describing tree-reading. We start by presenting skills
published by different authors that are not embedded in
a skill system. Next, we present a non-hierarchical tree-
reading skill system developed by Novick and Catley

Authors Year Published tree-reading skills Sample size Context

Blacquiere and Hoese 2016 One most fundamental skill for tree-reading 205 College students Developing an instrument to assess students’
abilities in determining evolutionary
relationships

Halverson 2011 3 non-systematized skills 27 college students  Assessing how students interpret and build
evolutionary trees and which core skills are
essential for tree-thinking

Halverson and Friedrichsen 2013  Tree-thinking skill hierarchy with seven 157 college students  Developing a hierarchical framework for tree-

levels thinking skills

Meir et al. 2007 3 non-systematized skills 410 college students  Study of misconceptions in tree-thinking

Novick and Catley 2013 Non-hierarchical system of 5 skills 107 college students  Studying factors that can influence students’
competence in tree-thinking

Novick and Catley 2016 Non-hierarchical system of 11 skills 135 college students  Comparing two approaches of teaching

tree-thinking
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(2013), followed by a hierarchical tree-thinking skill sys-
tem developed by Halverson and Friedrichsen (2013).

Non-systematized tree-thinking skills

Meir et al. (2007) were the first to propose explicit tree-
thinking skills. They developed an instrument to gauge
misconceptions of college students involved in tree-
thinking that consists of multiple choice and open-ended
questions (including tasks of constructing tree diagrams).
The instrument was given to a total of 410 students from
different colleges in the US who had completed at least
one course in evolutionary biology. While the main find-
ings of this study were the identification of four major
and widespread misconceptions, the authors also took a
closer look at three skills they saw as important in tree-
thinking: (A) “Reading traits from trees” describes the
ability to deduce which characteristics a certain spe-
cies shows given a tree with labelled apomorphies. (B)
“Deducing ancestral traits” is the ability to infer which
characteristics the MRCA of a given set of species most
likely showed. The final skill, (C) “reconstructing trees,’
relates to building an evolutionary tree from a given set of
species and their traits (Meir et al. 2007). Relative shares
of students showing faulty understanding of each of the
three skills ranged from 65 to 84% per skill. Students in
upper classes only showed better results concerning skill
(A) “Reading traits from trees”; for the other skills, no
statistical differences could be found. The authors claim
that such lacks in skills and persistent misconceptions
throughout secondary and post-secondary education
might pose substantial hurdles for a deeper understand-
ing of evolution and for connecting different fields of
biology through evolution (Meir et al. 2007).

A different approach was chosen by Halverson (2011),
who analyzed multiple open-ended sources from 27
undergraduate students of an upper-level plant sys-
tematics course at a US university, finding three dis-
tinct tree-reading skills. The analyzed sources included
weekly online reflective journals, pre-posttests, students’
responses to homework and exam questions, and notes
about the process of the course and interviews with 13 of
the total 27 students. The analysis of these data sources
followed two main questions: How do students interpret,
compare, and build evolutionary trees, and what core
skills are essential for representational competence in
tree-thinking? In the light of this review, the second ques-
tion in particular was found to be of major importance.
Halverson found trends in the changes of the rationales
given by the students over the course of the semester
that could be summarized as three skills of tree-reading:
“Recognition and Understanding,” “Identification and
Use,” and “Evidentiary Support” (Halverson 2011). “Rec-
ognition and understanding” describes the knowledge of
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the meaning of key features of an evolutionary tree, like
branches, nodes, and the direction of time flow. “Identifi-
cation and use” describes the use of scientific approaches
for reading and interpreting evolutionary trees, like
understanding and using the concept of clades, the most
recent common ancestor, and the concept of rotating
branches around nodes. “Evidentiary support” describes
the ability to use information from evolutionary trees to
support claims as evidence for inferences and to make
predictions about phylogenies. In this work, earlier works
on tree-reading skills are not explicitly mentioned or
referred to.

Focusing on one particular skill in their study assess-
ing college students’ skills in reading evolutionary relat-
edness from phylogenetic trees, Blacquiere and Hoese
(2016) claim that one of the most fundamental skills
in tree-thinking is knowing about the concept of the
MRCA. Deciding which two species share a more recent
common ancestor than the others is a key aspect in eval-
uating evolutionary relationships (Blacquiere and Hoese
2016). The study focused on establishing a valid assess-
ment tool with an emphasis on the stated skill. The devel-
oped instrument was tested on 205 US college students
and was able to identify students distracted by alternative
strategies for determining relationships from evolution-
ary trees.

Non-hierarchical tree-reading framework

A non-hierarchical system of tree-reading skills has
been proposed by Novick and Catley in two develop-
ment steps. The first published system consists of five
skills, with several sub-skills focusing mainly on the
varying relative positioning of the examined clades
(Novick and Catley 2013). Skill 1 is the identification of
a trait shared by taxa due to inheritance from their most
recent common ancestor (MRCA). Skill 2 regards iden-
tifying a group of species that share a certain trait. Skill
3 describes the comprehension of the concept of clades.
This skill is subdivided into two skills in relation to iden-
tifying processes: first, deciding whether or not a group
of taxa form a clade, and second, identifying a subset of
taxa that form a clade. Skill 4 is the ability to conclude
evolutionary relatedness. The last skill, Skill 5, pertains to
making inferences about relationships not depicted in the
tree (Novick and Catley 2013). No claim of a hierarchy
of skills is made by the authors. The focus of the study
was on assessing the extent to which these five skills are
affected by conceptual factors, like biology background,
prior knowledge, and question wording, as well as per-
ceptual factors in the construction of the presented trees.
In this work, the authors mention previous works in the
field on tree-reading skills, but do not explicitly cross-ref-
erence their findings.
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In a later work, the same authors revised and expanded
their skill system (Novick and Catley 2016). This new set
consists of 11 skills, of which 7 were part of the first skill-
set, either as main skills or as subskills. In this new set,
the skills are not numbered, and no hierarchy is proposed
by the authors. To avoid confusion, we labeled these skills
A through K, but this should not be taken as implying a
hierarchy. The skills are presented below in the order in
which they appear in the authors’ publication (Novick
and Catley 2016).

The first skill, (A) “identify characters,” covers identi-
fying which characters specific species or groups share
because of their descent from an MRCA. (B) “Identify
taxa” is a skill closely related to (A), as it describes the
reverse relation. Here students name taxa that share cer-
tain characters. Both skills rely on apomorphies being
labeled in a given evolutionary tree. Skill (C) “identify/
evaluate clades” encompasses the ability to group species
according to their ancestry into monophyletic clades. (D)
“Identify nested clades” is the fourth skill, which involves
ascertaining different hierarchical levels of nested clades
in a given tree.

The fifth and sixth skills, (E) “evolutionary relationship:
resolved structure” and (F) “evolutionary relationship:
polytomy,” both pertain to evaluating the relative related-
ness of a group of taxa, but with different levels of com-
plexity in terms of the branching pattern. (G) “Inference,’
the seventh skill, describes the ability to make inferences
about phylogenetic relationships based on the depicted
information. Skill (H), “evolutionary sequence, is
described as identifying the order of appearance of traits
on a given evolutionary path. (I) “Convergent evolution”
is the ability to identify convergent evolution in a given
cladogram. The two last skills, (J) “subsets of the tree of
life” and (K) “rotation,” regard coping with manipula-
tions of a given tree, the former with different subsets of a
given tree and the latter with rotations in a tree.

Novick and Catley (2016) assessed these tree-thinking
skills by creating an instrument of 37 multiple choice and
open-ended questions, each one clearly linked to one
of the stated skills. The instrument was administered to
135 students of a second-semester introductory biology
course for science majors at an American university. In
their pre-post study, they compared two different teach-
ing methods of phylogenetics whose skills were used to
subdivide the students’ performance for a more detailed
view of individual learning progressions. There are no
reports of an in-depth analysis of the validity of the skill
model. The authors refer to their previous work on mod-
elling tree thinking skills, as well as on singular works, to
substantiate the presented skills.

The genesis of these two sets of skills is based on the
longtime teaching and research experience of the authors
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in the field of evolutionary trees (Novick and Catley 2013)
and is backed up by literature reference. These skills can
be used to select content for a tree-reading teaching unit,
but in the absence of a hierarchy of the skills, no recom-
mendation is offered regarding the order in which the
different skills should be taught. So far, the skill system
has not been tested to determine whether the different
skills can be empirically differentiated.

A hierarchical framework for tree-thinking

Halverson and Friedrichsen (2013) developed a hierar-
chical framework for tree-thinking skills. The hierarchy
is based on the work of Kozma and Russell (2007) in the
field of chemistry education and presents a skill set for
the use of visual representations.

Using this system as a basis, Halverson and Friedrich-
sen (2013) collected data from upper-level students in
their evolutionary systematics courses. They collected
data from 157 students of two US universities over the
course of 4 years. The data sources include students’
online reflective journals, pre-posttests, and semi-struc-
tured interviews, as well as written coursework from stu-
dents and notes from course observations.

By combining these data with Kozma and Russel’s
model (Kozma and Russell 2007) and Halverson’s previ-
ous work (Halverson 2011), Halverson and Friedrichsen
(2013) presented a seven-level hierarchical tree-reading
and tree-building skill model called the “Representational
Competence Framework for Tree Thinking” The seven
skill levels are described below.

(1) At the first level (“no use of representation”), stu-
dents do not use the information depicted in the rep-
resentation; instead, they tend to use prior knowledge
about the morphology and ecology of the presented
organisms. (2) At the second skill level (“superficial use
of representation”), the students’ interpretation is based
upon superficial features of the given tree, not respond-
ing to the underlying meaning of the representation. (3)
Students at the third level (“simplified use of representa-
tion”) base their interpretation of the tree on the concept
of a main branch from which the other taxa branch off,
while comparisons of different trees are based on dif-
ferences in branch length (Halverson and Friedrichsen
2013).

(4) Students at the fourth skill level (“symbolic use of
representation”) use the correct symbolic meanings of
the elements of the tree but overemphasize the mean-
ings of nodes. (5) On the fifth level (“conceptual use of
representation”), students view the two-dimensional
representation as an effigy of a three-dimensional
representation, thus understanding the possibility of
branches rotating around nodes without altering the
kinship of the species. Comparisons between different
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trees are restricted to the mere physical branching pat-
terns while students consider the possibility of rotat-
ing branches of the tree. (6) Students at the sixth level
(“scientific use of representation”) are able to interpret
the depicted relationships in a scientifically correct way
based on common ancestry, monophyletic patterns,
and implied apomorphies separating taxa. The style of
the representation does not play a role in the interpre-
tation as the pattern of the clades is evaluated (Halver-
son and Friedrichsen 2013).

(7) The seventh level (“expert use of representation”)
is typically not achieved by students, as it represents
the skill level of experts in the field of systematics.
These experts are able to quickly understand and inter-
pret the phylogenetic structure of the representation
and can use and modify multiple representations in
order to solve problems and make inferences about
relationships and evolutionary processes. They can rea-
son regarding whether different representational styles
are better suited a given task (Halverson and Friedrich-
sen 2013).

To summarize, the first three skill levels show an
incomplete grasp of tree-thinking on different levels
characterized by different misconceptions, while the
fourth skill represents the basic grasp of diagrammatic
features and representational norms that are the basis for
actual tree-thinking processes. Level four is the first level
showing scientifically correct interpretations and analy-
sis, although students still show grave misconceptions
and therefore arrive at faulty conclusions. Skill levels five
and six represent general tree-thinking abilities, covering
major tasks like handling rotations and identifying evo-
lutionary relationships. Halverson and Friedrichsen state
that the last skill level is exclusive to long-time experts in
the field of tree-thinking and therefore is not likely to be
achieved by any student during their academic studies
(Halverson 2011; Halverson and Friedrichsen 2013).

Halverson and Friedrichsen evaluated their students’
representational capability using the Representational
Competence Framework for Tree Thinking. They ana-
lyzed selected answers in tests and rationales in open
data formats. The skill system can be used to describe
learners from absolute novices up to experts with mul-
tiple years of experience in the field. Depending on the
task at hand, a learner can be matched to different skill
levels at one point of time, for example showing level one
when interpreting relationships presented in a single tree
but level three when comparing patterns of relationships
among multiple trees (Halverson and Friedrichsen 2013).
The hierarchical nature of the skill system has so far not
been empirically tested. The authors refer to Halverson’s
previous works on tree-reading skills, but explicitly to no
other authors.
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Similarities and differences in tree-reading skill
frameworks

In the following section, we will compare and contrast
the different published skills and skill systems in order
to obtain a more detailed view of the extent of the pub-
lished findings. As a scaffold, we use the hierarchy of
Halverson and Friedrichsen (2013). Published skills are
compared with respect to their content and the described
tasks and requirements; corresponding skills were then
arranged next to each other (see Table 2). The insights of
this arrangement should serve as a basis for proposing an
idea of a possible synthetic hierarchical tree-reading skill
model in the next section.

A detailed comparison of the two skill systems (see
Table 1) shows that Novick and Catley’s skill system only
corresponds to three of Halverson and Friedrichsen’s
skill levels, namely skill level (5) “conceptual use of rep-
resentation” (skills ] and K), skill level (6) “scientific use of
representation” (skills A, B, C, D, E, F, H, and I), and skill
level (7) “expert use of representation” (skill G). There are
no skills in Novick and Catley’s system corresponding to
Halverson and Friedrichsen’s skills (1), (2), (3), and (4).

Meir et al’s (2007) skill (A) “reading traits from trees”
fits Halverson and Friedrichsen’s skill level 6 and the cor-
responding skills of Novick and Catley. Meir and col-
leagues’ skill (B) “deducing ancestral traits” corresponds
to Halverson and Friedrichsen’s skill level (7) “expert use
of representation,” as a deep understanding of evolution-
ary processes is required. Skill (C) “reconstructing trees”
is omitted in this work, as it deals with building evolu-
tionary trees. Blacquiere and Hoese’s (2016) statement
that knowledge of MRCA is the most important for tree-
thinking is represented in this comparison by Halverson
and Friedrichsen’s level (6) (“scientific use of represen-
tation”), and is the basis for two of Novick and Catley’s
skills (E and F) for assessing the relative evolutionary
relatedness of three taxa.

Conclusion: synthesizing tree-reading frameworks

Our review shows that there are some well-elaborated
works on tree-reading skills that thus far have not explic-
itly referred to each other. The two major systems show
different approaches: Halverson and Friedrichsen (2013)
consider the total spectrum of learners’ progress in han-
dling evolutionary trees, from absolute novices to long-
time experts, in a hierarchical structure. Novick and
Catley (2016) use a smaller-scale approach, describing
task-oriented skills needed for fully understanding tree-
reading. Novick and Catley’s task-oriented system seems
suitable for easily generating learning assignments, while
Halverson and Friedrichsen’s system seems to consti-
tute a good basis for structuring a complete process of



Page 7 of 13

(2019) 12:11

Schramm et al. Evo Edu Outreach

saaJ1 bupedwod

sdiysuonie|as buikynusp

salydiowode bulpuen

S24N10NI1S BulApusp|

Buljpuey aneN

3SN pue UoedYRUSPI (| L07) UOSIaAIeH
$101590UR UOWWOD U3
150W JO 96paIMOU| (9107) 3S90H pue 213inboelg

3SN pue UoILIYNUSPI (| L07) UOSISAIeH
$92.1 WOJJ SHesy Buipeal v/ |4S (£002) ‘[e 12 I

3sN pue UoILIYNUSPI (| L07) UOSISAIeH

Buipueisiapun pue buipeas (| 107) UOSISAeH

(4) (uoxey piiyp aun

YUM UBYL JOY10 DB YIIM J0IS3OUR UOWIUIOD 1USDRI 210W

e 21RYS BXE) 33 JO OM] OU ")) AwoiAjod e asjuoiduwod
©XP] 93141 UDUM SS2UP3IR[2I AJRUOIN|OAS SAI1R|R] SSI5SY

(3) "(JUSWIILYS UOXEI-D3IY3 & 3SIWLOIdWOD ") PIAOSDI
2Je BXP] 33141 USUM SS3UP31e|24 AIRUOIIN|OAS SA1R[2I SSISSY

() "wieibope e Ul SIPE|D P3ISU |8 IR

(®)
"3pe e 3s|woldwod exe) JO 195 USAID B Iay1aym a1en|en

(1) 'UOINIOAS 1USBISAUOD JO DAIIBDIPUI DI Wielbope|d e Jo
saypuelq a|diynw uo Jeadde 1eyi sis1deieyd 1eyl 5zIubodsy

(H) "ysed Aieuonjors paieubissp e
Uo s191oeJeyd JO aduerIeadde JO J9PIO [elIUINDAS Sy AJusp)
(g) J91284RYD UIRLISD B 2JRYS 1BY) BXEY JO 135 B AJIUSP|

(V) 'VDHIA JI2Y3 WOy adueLayul
01 NP dJeysS exe) 240w Jo om} 1yl Aydiowodeuds e Ajuap

(M) -9bueyd

Op exe1 ay) buowe suolie|al Aduade(pe ay1 ybnoyl usad

‘exe) pa1daye oy buowe sdiysuone|ai sy abueyd 10u
S90p S9POU JIay) punole sayduelq welbope|d buneioy

(1) "exey Jo s19s5gns Bul
-Bueyp Jo ae) ay Ul sdiysuolejas UOWWIOD INOGE UOSeaY

uoneluasaldal ayy

40 9]A35 BY3 JO SSa|plebai saped Jo suianed Uo paseq suon

-e1uasaldal d12usbojAyd a1edwod A[JUs1SISUOD SIUDPNIS

959y "exe} bujreredss saiydiowode pajjdu pue ‘susayied

J13JAYdoUOW A11S9DUB UOWWOD Paluasaldal uo paseq

93.1 2132uabolAyd e Jo ABojodol a3 UIyIM parelIsn||l
sdiysuone|a1 ay3 191dia1ul A||EOYIIUSIDS O3 3|ge 18 SIUSPNIS
uofrIUsaIdal JO 3SN DYIUIIDS 9 [9AIT]

pajuasaidal A103s1Y A1PUOIIN|OAS U} puUe $93.1 D13dU
-9b0jAyd Jo suone1aidialul JISY) U9SMIS] SUOIIDSUUOD
93eW 10U Op [9A3] SIU1 1B SIUSPNIS UI9AIMOH PaIuasaidal
sdiysuone|ai ay1 Huliale INOYUM SSPOU puUNOJe 31e10)
01 9|ge BuIaQ Se SaydUeIq JIY) pue suolejudsaidal
@-€ 4O SuoneASN||I -7 Se PIMBIA a1e 59911 D11aUsbojAY
UOI1eIUSS2IdaI JO 95N [BNIASDUOD G [9AT]

(bununod

-9pou ul abebus usyo) suoneuasaidal onausbolAyd

Burledwod pue buiaidiaiul Uaym sapou aziseydwalano

Aay1 1snamoy ‘saa43 d3auabolAyd jo sied yim paieidosse
SIUSWISIS DI|OQUIAS 91 PURISISPUN [9A3] SIU3 1B SIUSPNIS
uoneIUSSaIdal JO SN DI|OQUIAS 7 9N

J2Yl0Ue 9UO WO1) JO BUIYDURIQ I91e| pUE UYDURIQ

Ulew e wolj 4o Buiyouelq exel Yim ‘youelq ujew e jo
B3PI 9Y3} UO Paseq ale saa.1 d11auabolAyd Jo suoneraidiaiy
uoneluasaldal Jo asn paylduls i€ [9Aa]

paiensn||l sdiysuone|as

onauabolAyd ayy jo sbujueaw bulApiapun ayy 01 Uond3U

-U0D INoYIM UoneIuasaldal 9yl JO Sainieay [epysadns
U0 s9311 d33uabolAyd jo suopelaidiaiul aseq siuapnIS
uoneyuasaldal Jo asn [eidyladns 17 [9AT]

uopeuasaidal JO3sN OuU | |9A9T]

eap1ai0)

sioyine Jay1o £q s||njs

(9102) 938D pue }dIAON

(£10T) UasydLIpalI{ pue uosidAjeq

swid)sAs ||ys pue s|njs paysijqnd jo uosiiedwo) g 3|qeL



Page 8 of 13

(2019) 12:11

Schramm et al. Evo Edu Outreach

s||1js Buipuodsa.110 33 JO SLIPI 240D S} SIZIBWIWINS UWIN|OD }SB| dY | "UISYDLP3LI4 PUB UOSIDA|eH JO AUdielaly ay) Buimoljoy pabuelle aie 3|qel siy3 Ul s|ifs ||y

Bulayul pue buinbiy

1oddns A1enuspIAg i(| | 07) UOSISAIRH
S)lely [es1s9due budNPap :g |IMS (£007) ‘e 19 BN

(0) ‘diysuone|al onauabojAyd uo paseq aoui4ul
Ue ayew 01 Weibope|d e ul pa1dIdap Uoneulojul 9yl asn

suoDIpald axew pue ‘euswousyd A1euoiin|oas uje|dxa
‘su|gold d1euabojAyd aAjos 01 AJU3SISUOD pajelausab
pue pasn aJe suopeluasaldal 3|diNw |93 SIY1 1y IUSS
-aidai s92.1 1241 sbuluesw dnsusbolAyd buikuspun syy
Uo suopeluasaldal 1a1dia1ul ApPInb ued s1spusds 9say |

‘s3uapnis buluuibaq 1oy a|gedijdde 10U S| pue SO11eUR1SAS

JO P9y 9Y3 Ul SHadXa BUIgLIDSIP 10} POAISSI SI [9AS] SIY |
uoneuasaldal JO 9sN 1SdX3 1/ [9AS]

eapl ai0)

sioyine 1ayjo Aq s|s

(9102) £3138D puespiroN

(£L0) UasYdlipali4 pue uosidanjeH

(penunuod) z3jqeL



Schramm et al. Evo Edu Outreach (2019) 12:11

learning by starting to dismantle common misconcep-
tions and then improving skills with increasing diffi-
culty in ordered sequence. The skills proposed by other
authors substantiate several skills or skill levels in the
skill systems.

In general, our literature overview shows that multiple
groups have worked on modeling tree-reading skills, and
some major advancements have been made. At the same
time, however, it has become clear that there has been no
attempt to unify and combine the insights already gained.
Publications show only few cross-references to works on
tree-reading skills by other authors, leading to mainly
singular, not explicitly interlinked approaches. Further-
more, research on tree-thinking skills so far has focused
on deducing skills or systems from theory, observation,
or experience, and there has been no major attempt to
empirically verify the proclaimed models.

Based on the works published on tree-thinking skills
(Halverson and Friedrichsen 2013; Novick and Catley
2016) and on skills published by other authors (Blac-
quiere and Hoese 2016; Meir et al. 2007), we wish to
present a proposal for a synthetic hierarchical system of
tree-reading skills consisting of six skill levels. This sys-
tem could at this point be seen as an example of how
such a synthesis might look, as it is the result of a theo-
retical approach drawing together the previous works of
different authors.

The hierarchical nature of this system largely follows
the hierarchy of Halverson and Friedrichsen’s system
(2013), although one minor adjustment of the order has
been made, as explained below. The structure of the pro-
posed system, along with the allocation of the proposed
skill levels to published skill systems, is also explained
below, as well as presented in Table 1 in the form of
major ideas.

The hierarchy starts at skill level zero (“naive han-
dling”). Students at this level are not able to analyze a
tree correctly, nor do they know the symbolic meaning
of the different components of the tree. Interpretations
of a given tree are largely based on one or more learn-
ers’ misconceptions and tend to over-interpret unin-
formative facets of a tree diagram over others. This level
corresponds to the first three skills of Halverson and
Friedrichsen, which are all characterized by fragmented
knowledge of evolutionary trees (Halverson and Frie-
drichsen 2013).

Skill level one (“identifying structures”) represents
the ability to identify and interpret the meaning of dia-
grammatic elements of the representation. This includes
knowledge of the meaning of nodes, branches, labels,
and the direction of time, but also slightly more elabo-
rate knowledge, like the positions of MRCAs in the tree.
This level corresponds with Halverson and Friedrichsen’s
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level four (“symbolic use of the representation”), where
the students have knowledge of the meaning and impor-
tance of diagrammatic features but cannot interpret the
diagram any further (Halverson and Friedrichsen 2013).

The second skill level (“handling apomorphies”)
encompasses the ability to interpret traits labeled in a
tree. This includes tasks in both directions, naming all
traits that a taxon shows and listing all taxa that show
certain traits. This skill can only be utilized if the given
tree shows traits or apomorphies by any representational
means (e.g., pictorial or textual, along the lines, with ref-
erence markings, etc.). The basis for this skill level is the
combination of several skills proposed by Novick and
Catley (2016), all of which focus on identifying and inter-
preting labelled apomorphies [(A) “identify characters,’
(B) “identify taxa,” (H) “evolutionary sequence,” and (I)
“convergent evolution”]. In Halverson and Friedrichsen’s
model, handling apomorphies is part of the extensive
skill level (6). It was separated into a distinct skill level,
as many evolutionary trees do not show apomorphies,
so handling apomorphies is not a skill generally needed
to understand every tree, but it can greatly improve the
handling of a tree if apomorphies are present (Catley
et al. 2010; Novick et al. 2010).

The third skill level (“identifying relationships”)
describes the core tasks of tree-reading. This skill covers
all tasks that answer questions about the relative relation-
ships of different species and the formation of clades in
a given tree. Typical questions at this level are “Which
group is the closest relative to group X?’, “Is group X
more closely related to group Y than to group Z?’; and
“Which groups form a clade with groups X, Y, and Z?”
This level corresponds to four of the skills of Novick and
Catley (2016) [(C) “identify/evaluate clades,” (D) “identify
nested clades,” (E) “evolutionary relationship: resolved
structure,” and (F) “evolutionary relationship: polytomy”]
and to skill level six of Halverson and Friedrichsen. It
consists of a set of skills pertaining to evaluating mono-
phyletic groups and relative evolutionary relationships.

The fourth skill level (“‘comparing trees”) incorporates
the ability to mentally rotate branches in a tree, to ana-
lyze subtrees, and to decide whether given trees show
the same or different relationships. The same applies to
comparing different representational styles (e.g., rectan-
gular, circular, and diagonal trees). This level corresponds
to two skills identified by Novick and Catley [(K) “rota-
tion” and (J) “subset of the ToL’] and to Halverson and
Friedrichsen’s skill level five (“conceptual use of repre-
sentation”). At this point, we diverged from Halverson
and Friedrichsen’s skill hierarchy, as this skill does not
refer merely to the knowledge that trees can be rotated
around nodes, but to the more complex task of reason-
ing about relationships with different subsets and the
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appearance of a tree. Furthermore, analyzing and com-
paring multiple evolutionary trees requires the formation
of multiple complex mental models (Hochpochler et al.
2013). Comparing two trees requires the learner to pro-
cess many more graphical elements at the same time than
when evaluating the relative relationships of a number
of species (Kim et al. 2000). Thus, this skill necessitates
the ability to evaluate evolutionary relationships in a very
complex and demanding way and has to follow skill level
four. The understanding that trees can come in different
formats but are informationally equivalent can be found
in skill level six of Halverson and Friedrichsen’s system.
This is also an aspect of our fourth skill level. Therefore,
we deviated from the hierarchy of Halverson and Frie-
drichsen in this respect.

The fifth and final level (“arguing and inferring”) aims
at going beyond the given information in the representa-
tion. It covers the ability to form conclusions and predic-
tions based on the phylogeny, which may extend to taxa
or traits not presented. It is based on Halverson and Frie-
drichsen’s level seven (“expert use of representation”) and
represents the ability to interpret evolutionary trees in a
deeper way than students are normally able to. Depicted
information is used to form inferences and arguments
that go beyond the presented information. This includes
forming new mental models of composite trees, solving
complex phylogenetic problems, and deciding which tree
formats are best suited to different means of representa-
tion. The resulting skill levels, together with an explana-
tion of the levels and the corresponding skills by other
authors, can be seen in Table 3.

Discussion, implications, and limitations

As tree-thinking is seen as an increasingly important part
of biological literacy (Baum and Smith 2013; Thanukos
2009) it is important to note that students at all educa-
tional levels struggle in engaging with evolutionary trees
(Catley et al. 2012; Gregory 2008; Kummer et al. 2016;
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Omland et al. 2008). Different authors have called for
the implementation of tree-thinking in school curricula
in order to improve students’ knowledge of macroevolu-
tion (e.g., Baum et al. 2005; Catley 2006; Meir et al. 2007;
Sandvik 2008). To implement tree-thinking in school and
university curricula, it is necessary to further outline the
concept and concretize its extent.

Utilizing a synthetic model of tree-reading skills like
the one proposed here, educators can organize their edu-
cational approach to allow students a steady increase in
their evolutionary and tree-reading proficiency.

A learning arrangement based on our model might
begin with the general importance of evolutionary trees
for all of biology, followed by the meaning and impor-
tance of diagrammatic elements. To familiarize students
with the basic ideas of evolutionary trees, the introduc-
tion to tree-thinking can be done using circle-in-circle
diagrams to represent the nested hierarchical nature of
evolutionary trees (Catley et al. 2005; Meisel 2010), or
by using family pedigrees so students can draw on their
intuitive evaluation of relative relationship. By reducing
a pedigree to a maternal line—for example, one outlin-
ing mitochondrial heredity—the structure of evolution-
ary trees can be learned intuitively (Baum et al. 2005). By
zooming out from this pedigree over a tree to show the
relationship within a population to trees showing differ-
ent species, the connection to evolutionary trees can be
established (Baum and Offner 2008; Meisel 2010).

Reading and interpreting apomorphies on a given tree
could be the next step in the learning arrangement, fol-
lowed by teaching the interpretation and specifying rela-
tionships. A potential way to familiarize students with
apomorphies is the card-laying task “Great Clade-Race,
in which students construct a tree based on trait com-
binations by retracing a metaphorical evolutionary pro-
cess (Goldsmith 2003). A further opportunity to foster
a deeper understanding of apomorphies are hands—on
activities where students craft organisms from different

Table 3 Possible example of a synthetic, hierarchical tree-reading skill model

Skill level Skill description

0. Naive handling
applied

1. Identifying structures

Students do not interpret the tree correctly. Uninformative features are over-interpreted and critical misconceptions are

Students are able to identify and interpret the elements of the diagram (nodes, branches, labels, direction of time, etc.) and

can answer questions about the structure of the tree

2.Handling apomorphies
ing to occurring apomorphies

3. Identifying relationships

Students are able to answer questions about the meaning and implications of apomorphies. Taxa can be grouped accord-

Students are able to state whether groups form clades and can evaluate the relative relatedness of a set of taxa. This

includes simple and complex statements about the relationship of three taxa and about taxa and their MRCA

4. Comparing trees

5. Arguing and inferring
sented information

Students are able to reason about relationships when different trees (like rotations or subtrees) are presented
Students are able to use the depicted information in order to form conclusions and predictions that go beyond the pre-
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materials and try to recapitulate the occurrence of new
traits and species (Brown 2016).

Teaching the evaluation of relative evolutionary rela-
tionships presented in a tree can be seen as the heart of
tree-reading. Here, educators should stress the impor-
tance of examining the most recent common ancestor
as the central way to begin evaluating evolutionary relat-
edness (Blacquiere and Hoese 2016). Numerous known
misconceptions may play a crucial role here and should
be taken into account by educators (Gregory 2008; Meir
et al. 2007). For example, cognitive conflicts and thus a
conceptual change could be induced by providing stu-
dents with typical situations that lead to mistakes that
illustrate how and why this particular way of reading a
tree is problematic (cf. Vosniadou et al. 2001).

Comparing multiple evolutionary trees could be the
next step in the learning arrangement, followed by rea-
soning tasks going beyond the given tree. As many stu-
dents struggle with the concept that branches can be
rotated around internal nodes, educators must ensure
that students internalize this concept. One way to do so
is to use modifiable three-dimensional representations,
like trees constructed in the form of mobiles (Baum and
Oftner 2008) or made up of flexible material like pipe
cleaners (Halverson 2010). In both models, nodes can
be rotated to show that the relative relationship is not
altered.

Teaching tree-thinking skills in the order of difficulty
might ease the learning process as the learner traverses
a steady learning path, starting with easier, more basal
concepts and tasks. As learners get deeper insights into
tree-reading, the complexity of the concepts and tasks
increases.

Besides teaching tree-reading, a synthetic system can
also be used to investigate students’ skills in a diagnostic
or research context. To evaluate students’ skills, the full
range of skills comprising tree-reading should be evalu-
ated and the difficulty of the diverse skills and skill levels
taken into consideration. By using a skill model, research-
ers can design diagnostic instruments to measure many
aspects of tree-reading abilities in consideration of the
hierarchical nature of the skill levels and, in this way, get
a more detailed view of students’ abilities. To facilitate
this function of a synthetic system, diagnostic items need
to be created that allow for an explicit assessment of dif-
ferent skill levels.

Current research on tree-reading skills mainly focuses on
theoretical approaches. The skills published thus far have
been deduced from theory, observation, or practice, and
the findings of different groups are rarely explicitly cross-
referenced in order to combine their insights and give a
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broader view of the topic. In order to advance the research
in this area and enable the actual use of the proclaimed sys-
tems and skills, a synthesis of the findings up to the present
has to be developed and tested thoroughly to determine
whether the skill modeling can be validated empirically.

The proposed example of a synthetic skill system is based
on published but not empirically tested skill systems by
other authors. Therefore, empirical testing is needed to
verify and corroborate the presented system in two ways:
one, whether the skill levels follow the proposed hierarchy
in difficulty or complexity, and two, whether the different
levels can be empirically differentiated. This requires test-
ing students regarding their tree-thinking proficiency using
items corresponding to the different skill levels. Although
the main foundation for the construction of the proposed
skill system is the work of only two groups, one must bear
in mind that this is the entirety of the literature currently
published on tree-thinking skills.

Furthermore, experimental studies of teaching and longi-
tudinal learning developments are needed to validate a syn-
thetic model. Based on this testing, learning environments
and materials can be created to implement a synthetic
model in teaching practice.
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